Axonal loss is the principal cause of chronic disability in multiple sclerosis and experimental autoimmune encephalomyelitis (EAE). In C57BL/6 mice with EAE induced by immunization with myelin oligodendrocyte glycoprotein peptide 35-55, the first evidences of axonal damage in spinal cord were in acute subpial and perivascular foci of infiltrating neutrophils and lymphocytes and included intra-axonal accumulations of the endovesicular Toll-like receptor TLR8, and the inflammasome protein NAcht leucine-rich repeat protein 1 (NALP1). Later in the course of this illness, focal inflammatory infiltrates disappeared from the spinal cord, but there was persistent activation of spinal cord innate immunity and progressive, bilaterally symmetric loss of small-diameter corticospinal tract axons. These results support the hypothesis that both contact-dependent and paracrine interactions of systemic inflammatory cells with axons and an innate immune-mediated neurodegenerative process contribute to axonal loss in this multiple sclerosis model.
Introduction
Therapies that inhibit trafficking of pathogenic mononuclear cells into the CNS diminish the incidence of new demyelinative lesions in relapsing-remitting multiple sclerosis (Rudick et al., 2007; Goodin et al., 2008; Lopez-Diego and Weiner, 2008) but do not prevent progressive CNS axonal loss (Miller and Leary, 2007; Trapp and Nave, 2008) . These observations, and evidences of sustained astroglial and microglial activation in progressive multiple sclerosis (Prineas et al., 2001; Moll et al., 2009) , have given rise to the hypothesis that persistent activation of CNS innate immunity contributes to axonal loss in multiple sclerosis (Kutzelnigg et al., 2005; Tanuma et al., 2006; Marik et al., 2007; O'Brien et al., 2008; Weiner, 2009) .
Experimental autoimmune encephalomyelitis (EAE) is a primarily T-cell-mediated disorder that has provided important insights into the pathogenesis and treatment of multiple sclerosis (Gold et al., 2006; Steinman and Zamvil, 2006) . Axon loss is primarily responsible for permanent disability in EAE (Wujek et al., 2002) . EAE elicited in C57BL/6 mice by immunization with myelin oligodendrocyte glycoprotein peptide 35-55 (MOG peptide) causes axonal vacuolization and fragmentation and eventual spinal cord atrophy (Bannerman et al., 2005; Wang et al., 2005; Bannerman and Hahn, 2007; Herrero-Herranz et al., 2008; Jones et al., 2008) , all features also seen in multiple sclerosis (Kornek et al., 2001; Evangelou et al., 2005; Miller and Leary, 2007) . Thus, MOG peptide EAE provides a good model with which to explore the interplay between the CNS immune milieu and axonal loss in multiple sclerosis.
We found that genes involved in neutrophil trafficking were induced in spinal cord soon after the administration of complete Freund's adjuvant (CFA), even in mice in which adaptive immunity had been genetically inactivated (Mombaerts et al., 1992) . These very early inductions were followed, in mice with intact adaptive immunity that received MOG peptide in CFA, by the transient formation of intense subpial and perivascular infiltrates in spinal cord, comprised principally of neutrophils and lymphocytes. Intra-axonal accumulations of amyloid precursor protein (APP), hypophosphorylated neurofilament heavy chains (NF-H), Toll-like receptor-8 (TLR8), the inflammasome protein NAcht leucine-rich repeat protein 1 (NALP1) (Tschopp et al., 2003; Lamkanfi and Dixit, 2009) , and Rab7, an endolysosomal vesicleassociated protein (Rink et al., 2005; Saxena et al., 2005; Deinhardt et al., 2006) , first became detectable within these inflammatory foci. Since APP and NF-H are transported centrifugally and Rab7 centripetally in axons (Koo et al., 1990; Roy et al., 2000; Kamal et al., 2001; Lazarov et al., 2005; Deinhardt et al., 2006; SatputeKrishnan et al., 2006; Shea and Chan, 2008) , these observations indicate that axonal transport was impaired within these inflammatory infiltrates. Later in the course of MOG peptide EAE, neutrophils and most effector T cells were cleared from CNS. However, evidences of CNS innate immune activation persisted, and there was a progressive, symmetrical loss of small-diameter corticospinal axons, a pattern of corticospinal tract degeneration resembling that in patients with chronic multiple sclerosis (Ganter et al., 1999; DeLuca et al., 2004) .
Materials and Methods
Mice. All mice described in this study were adult C57BL/6 males and were housed in a pathogen-free facility. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of California Davis. RAG1 Ϫ/Ϫ mice (B6.129S7-Rag1 tm1Mom /J, Jackson Laboratory #002216) were used to examine innate immune responses in the absence of adaptive immunity; these mice lack the capacity to produce mature T or B lymphocytes (Mombaerts et al., 1992) . Thy1-STOP-EYFP mice (B6.Cg-Tg(Thy1-EYFP)15Jrs/J, Jackson Laboratory #005630), in which Thy1 promoter-driven expression of enhanced yellow fluorescent protein (EYFP) in neurons was prevented by a loxPflanked STOP sequence, were bred with Emx1Cre mice (B6.129S2-Emx1 tm1(Cre)Krj /J, Jackson Laboratory #005628), in which Cre is constitutively expressed in forebrain neurons, to generate offspring which, in spinal cord corticospinal axons but not other spinal cord axons, were selectively labeled with EYFP (Bareyre et al., 2005) .
MOG peptide-EAE. MOG peptide-EAE was induced in 3-monthpostnatal C57BL/6 mice by subcutaneous flank administration of 300 g of rodent MOG peptide (amino acids 35-55, New England Peptides) in CFA containing 5 mg/ml killed Mycobacterium tuberculosis (Difco) on day 0, with intraperitoneal administration of 75 ng of pertussis toxin on days 0 and 2. "CFA control mice" received CFA and pertussis toxin, but no MOG peptide, and normal control mice received no injections. The mice were weighed and examined daily. Neurological deficits were graded on a five-point scale (limp tail or waddling gait ϭ 1; limp tail and waddling gait ϭ 2; single limb paresis and ataxia 2.5; double limb paresis ϭ 3; single limb paralysis and paresis of second limb ϭ 3.5; full paralysis of 2 limbs ϭ 4; moribund ϭ 4.5; and death ϭ 5) (Zhang et al., 2003; Bannerman et al., 2005 Bannerman et al., , 2007 .
Isolation of leukocytes from mouse spleen/lymph nodes and CNS. Mice killed by CO 2 asphyxiation were perfused with ice-cold PBS. Spleens and draining lymph nodes were harvested, combined, minced in PBS, and pushed through a 40 m mesh. Red blood cells were lysed with ACK solution (Quality Biologicals). Brains and spinal cords were minced and digested at 37°C for 30 min in PBS containing 0.04 units of Liberase R1 (Roche) and 10 g of DNase I (Roche) per ml. Softened fragments were pushed through a 100 m mesh. Mononuclear cells from spleen/lymph nodes and from CNS were isolated via a discontinuous 40/70% (v/v) Percoll gradient.
Ex vivo T-cell responses. Mixed splenocytes and lymph node cells were cultured in 200 l of RPMI 1640 containing 10% FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U penicillin-streptomycin, 50 M 2-mercaptoethanol, and 1 mM sodium pyruvate with or without 50 g/ml MOG peptide (amino acids 35-55) for 24 h. The cells were incubated with brefeldin A (GolgiPlug, BD Bioscience) or brefeldin A plus ionomycin (Calbiochem, 750 ng/ml) and phorbol 12-myristate 13-acetate (PMA; 50 ng/ml, Sigma-Aldrich) for the last 5 h .
Flow cytometry. Mixed splenocytes and lymph node cells were immunostained after the 24 h culture described above. CNS mononuclear cells were immunostained after incubation at 37°C for 3 h in RPMI 1640 containing 10% FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U/ml penicillin-streptomycin, 50 M 2-mercaptoethanol, and 1 mM sodium pyruvate in the presence of brefeldin A. Immediately before immunostaining, Fc receptors were blocked for 10 min with anti-CD16/ 32. For Th1/Th17 lymphocyte analysis, cells were stained with Pacific Blue-labeled anti-mouse CD4, fixed, permeabilized using a Cytofix/Cytoperm Plus Kit according to the manufacturer's protocol and stained with allophycocyanin (APC)-labeled anti-mouse IFN-␥ and phycoerythrinlabeled anti-mouse IL-17 (all reagents from BD Bioscience). For regulatory T lymphocyte (Treg) analysis, cells were stained with Pacific Blue-labeled antimouse CD4 (BD Bioscience) and APC-labeled anti-mouse CD25 (eBioscience), fixed, and permeabilized using fixation and permeabilization kits (eBioscience) and then intracellularly stained with phycoerythrin-labeled anti-mouse/rat Foxp3 (eBioscience). Immunostained cells were analyzed using a Cyan FACS (Dako Cytomation).
RNA isolation and qRT/PCR. Mice killed by CO 2 asphyxiation were perfused with ice-cold PBS. Pooled spinal cords from three MOG peptide, CFA control, or normal control mice were homogenized and stored in RNAlater solution (Ambion). RNA was isolated using RNeasy Lipid Tissue Mini Kit (QIAGEN) and stored at Ϫ80°C. cDNA was prepared using Reaction Ready first-strand cDNA synthesis kits (SuperArray Bioscience). Real-time PCR was performed using mouse Toll-like receptor signaling pathway microarrays and real-time SYBR green PCR master mixes (SuperArray Bioscience). To rule out DNA contamination, nonreverse-transcribed (non-RT) controls were included for every RNA batch prepared. Additional primer sets were used to verify the microarray results and to examine expression levels of additional genes involved in innate immunity and not included in the arrays (supplemental Table 1 , available at www.jneurosci.org as supplemental material). The mRNA levels of the assayed genes were normalized to mRNA levels of the housekeeping gene Hsp90ab1.
Spinal cord immunohistology. Mice anesthetized by intraperitoneal administration of ketamine (150 mg/kg) and xylazine (16 mg/kg) were perfused with PBS, followed by 4% paraformaldehyde (v/v) in PBS. Lumbosacral spinal cords from at least three mice on each of days 3, 7, 10, 12, 14, 21, 35 , and 98 -101 postadministration of MOG peptide in CFA, or of CFA alone (both groups also received two injections of pertussis toxin as described above) were immunohistologically examined. Paraffin-embedded sections were subjected to antigen retrieval with either sodium citrate, pH 6.0, or citraconic anhydride, pH 7.4 (Alelú -Paz et al., 2008) . The sources for the primary antibodies used for immunohistology, and the antigen retrieval methods (if any) used with each, are listed in supplemental Table 2 , available at www.jneurosci.org as supplemental material. Bound antibodies were detected using species-and isotype-specific fluorescently conjugated or biotinylated secondary antibodies and visualized by laser scanning confocal microscopy.
In Thy1-STOP-EYFP/EmxCre double transgenic mice, EYFP expression was visualized in 10 m cryostat cross-sections of L3 spinal cord by immunostaining with a fluorescein-conjugated anti-green fluorescent protein antibody (Rockland). Microscopic fields encompassing both dorsal corticospinal tracts were photographed using a 100ϫ objective mounted on a Nikon laser scanning confocal microscope, and images were tiled together using Nikon NIS-Elements software. All EYFPlabeled axons in the lumbar dorsal corticospinal tract cross-sections prepared from the MOG peptide EAE and CFA control mice were counted with the aid of NIH ImageJ software.
Data analysis and statistics. Molecular data were derived from at least three independent experiments at each time point. Results of spinal cord qRT/PCR assays were analyzed using the Mann-Whitney U test. Differences between qRT/PCR results obtained from MOG peptide or CFA control spinal cord extracts and those obtained from normal mice of the same age were classified as significant if p Ͻ 0.05 and the fold difference from normal mice was Ն1.5. Immunohistological data were obtained from at least four MOG peptide and four CFA control mice at each time point.
Results
Mice immunized with MOG peptide demonstrate the subacute onset and chronic persistence of clinical neurological deficits Mice immunized with MOG peptide in CFA usually began to show neurological deficits between days 12 and 13 (rarely as early as day 10), reached peak severity between days 17 and 21, and continued to have substantial deficits through day 100 (Fig. 1) (Fig. 2 A) . The functional properties of Mice were sacrificed on days Ϫ1 (normal control), 3, 7, 10, 14, 21, 35 , and 98 postinjection with MOG peptide in CFA or with CFA alone. Each determination employed three mice, and three determinations were made at each time point. Data are presented as means of fold difference between normal control and the MOG or CFA control group. Boldface indicates that mRNA levels were at least 1.5-fold higher, and significantly different, in the MOG or CFA control group than in the day Ϫ1 control spinal cords at that time point ( p Ͻ 0.05 Mann-Whitney U test). Additional spinal cord innate immune qRT/PCR assays, not specifically mentioned in the text, are listed in supplemental (Annunziato et al., 2007) . Numbers of MOG peptidespecific Th1, Th17, and Th17/Th1 lymphocytes in peripheral lymphoid tissues peaked by day 12, then fell progressively over ensuing weeks. MOG peptidespecific T lymphocytes were not detected at any time point in pooled spleen/lymph nodes of CFA control mice.
Substantial accumulation of systemic immune cells in CNS commences between days 14 and 21 post-MOG peptide
Mononuclear cell yields from Percollfractionated collagenase/DNase digests of pooled brain and spinal cord increased sharply between days 14 and 21 post-MOG peptide, then dropped progressively over ensuing months, but remained consistently at baseline levels in CFA control mice (Fig. 2 B) . CD4-gated flow cytometry (see Fig. 2 E for an example) demonstrated small numbers of Th1, Th17, and Th17/Th1 lymphocytes in CNS by day 12 post-MOG peptide, with maximal numbers of each of these CD4 ϩ lymphocyte subsets attained between days 14 and 21 postimmunization (Fig. 2C) .
At the peak of CNS lymphocyte infiltration in the MOG peptide-immunized mice, the ratio of Th17 to Th1 cells in CNS was Ͼ2 (Fig. 2C ). This contrasted with spleen/lymph node ratios of both MOG-specific Th17 to Th1 cells (Fig.  2 A) and of total Th17 to Th1 cells (data not shown) Ͻ0.5 in these mice. These results are in accord with those reported by Bailey et al. (2007) , who showed that, both in vivo and in vitro, CNS myeloid dendritic cells preferentially polarize CD4
ϩ T cells to Th17, while in the periphery, Th1 is the predominant CD4 ϩ T-cell phenotype. CNS levels of CD4 ϩ CD25 ϩ Foxp3 ϩ Tregs initially rose at a rate similar to that of total CNS Th1 ϩ Th17 ϩ Th17/Th1 effector cells (Teffs). From day 21 onward, by which time the mice had reached peak clinical severity, the CNS Treg/Teff ratio was always Ͼ2 (Fig. 2 D) . This result was presumably a consequence of the activation and rapid proliferation of Tregs in the inflamed CNS , and is likely to have prevented further worsening of the disease (McGeachy et al., 2005) .
To supplement these flow cytometric analyses of lymphocyte subsets in whole CNS, spinal cord extracts from MOG peptideimmunized and CFA control mice were assayed for mRNAs encoding lymphocyte transcription factors and other immune cell subtype-specific constituents by qRT/PCR. Both granzyme A mRNA and Itga2 mRNA rose early after immunization in mice that received MOG peptide in CFA. Granzyme A is a proapoptotic protease expressed by natural killer (NK), NKT, and a subset of cytotoxic T cells (Metkar et al., 2008; Trapani and Bird, 2008) . Itga2 mRNA encodes CD49b (also known as CD49b, VLA-2 ␣ mRNAs tested but showing no change in spinal cords of RAG1 Ϫ/Ϫ mice that had been injected with MOG peptide in CFA: eNOS, TNF␣, C3, NFKB, C5, HMGB1, IL6, NFIL6, HSPA1A, C5aR, CD3e, CD3g, CCR2, CCL2, CCL6, CCL8, Granzyme A, IL27p28, FOXp3, CD4, CD8, DX5, CXCL9, CXCL10, CXCL12, CX3CL1, CX3CR1, IFN␣, and CCR3. Mice were sacrificed on day Ϫ1 (RAG1 Ϫ/Ϫ control), 7, 10, or 14 postinjection. Each determination employed three mice, and three determinations were made at each time point. Data are presented as means of fold differences of CFA-MOG over the day Ϫ1 RAG1
Ϫ/Ϫ controls. Boldface indicates that mRNA levels were at least 1.5-fold higher, and significantly different, in the CFA-MOG spinal cords than in the day Ϫ1 RAG1 Ϫ/Ϫ control spinal cords at that time point, with p Ͻ 0.05 (Mann-Whitney U test).
chain and integrin ␣2 chain), which is expressed by NK and NKT cells, a subset of CD8 ϩ T cells, and possibly by microglial/ monocyte-derived macrophages (Slifka et al., 2000; Pellicci et al., 2005; Schleicher et al., 2005) . Granzyme A and Itga2 mRNAs also rose early after administration of CFA to control mice, but, by day 14 postimmunization and thereafter, these mRNAs were markedly higher in MOG peptide EAE than in CFA control mice (Table 1) . By day 14 postinjection, there were significant accumulations of transcription factor mRNAs associated with Th17 cells (ROR-␥t), Th1 cells (T-bet), and Tregs (Foxp3) in the MOG peptide-immunized mice, but not in CFA control mice (Fig. 3) . While levels of CD4 mRNA in MOG peptide spinal cords were not significantly higher than in CFA control spinal cords until day 14 postinjection, the abundance of CD3 mRNA, a pan-T lymphocyte marker, had already risen significantly in MOG peptide mice by day 10 postimmunization (Fig. 3) . Quantitative RT-PCR also showed increased levels of mRNAs encoding proteins characteristic of microglia and macrophages (CD11b) and of B lineage cells (CD19 and IgM). Among these immune cell marker mRNAs, only IgM mRNA continued to rise throughout the course of the disease (Fig. 3) .
Activation of CNS innate immunity commences before substantial accumulation in CNS of systemic immune cells, and involves genes that participate in neutrophil trafficking
Toll-like receptors (TLRs) and other pattern recognition receptors are the principal afferent arms of innate immunity, and are coupled to effector mechanisms which include phagocytosis, secretion of cytokines and chemokines, assembly of inflammasomes, and trafficking of circulating immune cells to affected tissues (Creagh and O'Neill, 2006; Kawai and Akira, 2007; Martinon and Tschopp, 2007; O'Neill and Bowie, 2007 Fig. 3 ) and of two genes implicated in neutrophil trafficking, CXCL1 and CLEC4E, the latter of which encodes the macrophage inducible C-type lectin, or Mincle (Table 1) (Anthony et al., 1998; Balch et al., 2002; Carlson et al., 2008; van Vliet et al., 2008; Wells et al., 2008; Yamasaki et al., 2008) . Levels of these mRNAs rose to a comparable degree in spinal cords of CFA control mice (Table 1) , and also in spinal cords of Rag1 Ϫ/Ϫ mice given MOG peptide in CFA (Table 2) , despite the lack of mature B and T cells in this mutant strain (Mombaerts et al., 1992) . Hence, these gene inductions must have taken place in the Rag1 Ϫ/Ϫ mice independent of any adaptive immune response, and in the CFA control mice in the absence of an adaptive immune response directed specifically against MOG peptide. It is likely that transient activation of microglia, demonstrated by increases in spinal cord levels of CD11b and Mincle mRNAs, was largely responsible for the early induction of spinal cord cytokine and chemokine mRNAs (Raghavendra et al., 2004) . Further experiments demonstrated that CFA, rather than pertussis toxin, was largely responsible for these mRNA inductions (Table 3) . The mechanism by which CFA entrained these early CNS innate immune responses in wild-type and immunocompromised mice may involve interleukin-1␤ (IL-1␤) (Roy et al., 2006) ; subcutaneous CFA elicits massive production of IL-1␤ at the injection site, and a Ͼ10-fold increase in CSF IL-1␤ content (Samad et al., 2001) , and manipulations that elevate CNS IL-1␤ increase CNS CXCL1 mRNA and induce CNS neutrophil infiltration (Campbell et al., 2002; Shaftel et al., 2007) .
Among the immune system-related mRNAs we assayed by qRT/PCR in spinal cord extracts from the MOG peptideimmunized and CFA control mice (Table  1, Fig. 3 ; supplemental Table 3 , available at www.jneurosci.org as supplemental material), the earliest substantial alterations specific to MOG peptide-immunized mice were greater than fourfold increases in mRNAs encoding the innate immune cell activator, dectin-1 (Shah et al., 2008) , and granulocyte-colony stimulating factor (G-CSF, also known as CSF-3), the latter a protein that enhances neutrophil trafficking and survival (Eyles et al., 2006; Wengner et al., 2008) by day 7 post-MOG peptide (Table 1) . Three days later (day 10 post-MOG peptide), immunoreactive G-CSF had accumulated on the spinal meninges of both MOG peptide-immunized and CFA control mice (Fig. 4 A) .
Subpial and perivascular neutrophil-rich inflammatory infiltrates are evanescently present in spinal cord shortly before the onset of clinical neurological deficits
Immunohistological evaluation of spinal cord on days 3 and 7 postadministration of MOG peptide in CFA, or of CFA alone, revealed occasional Ly6G ϩ neutrophils (Mildner et al., 2008) adhering to the meninges and surfaces of the nerve roots, but no intraparenchymal neutrophil infiltrates (data not shown). By day 12 post-MOG peptide, spinal cord perivascular and subpial infiltrates of Ly6G ϩ neutrophils containing matrix metalloproteinase-8 (MMP-8), an enzyme that facilitates neutrophil tissue penetration, had appeared in the MOG peptide-immunized mice (Fig.  4) . These inflammatory infiltrates, which were most often located in ventral and lateral spinal cord white matter, and rarely in the dorsal funiculi, also contained substantial numbers of CD3 ϩ T lymphocytes (Fig. 4 B) , but, by day 12 post-MOG peptide, con- tained only sparse numbers of Iba1 ϩ microglia (Fig. 4C) . By day 14 post-MOG peptide and at later time points, however, Ly6G ϩ neutrophils had become a much less prominent component of the spinal cord inflammatory infiltrates, which were increasingly dominated by Iba1 ϩ microglial and monocyte-derived macrophages (data not shown).
Morphological evidences of acute spinal cord axonopathy become detectable by day 12 post-MOG peptide Hypophosphorylated NF-H immunoreactivity, detectable by immunostaining with the SMI32 monoclonal antibody, is normally expressed in perikarya of spinal cord motor neurons, but not in axons in spinal cord white matter (Bannerman et al., 2005) . In EAE and multiple sclerosis, damaged axons become SMI32
ϩ (Trapp et al., 1998; Pitt et al., 2000; Wang et al., 2005; Petzold et al., 2008) . We first detected SMI32 ϩ axons in lumbosacral spinal cord white matter on day 12 post-MOG peptide; at this time point, these SMI32 ϩ axons were almost always situated within inflammatory infiltrates (Fig.  5) . As has previously been noted in multiple sclerosis autopsy specimens (Trapp et al., 1998; Bjartmar et al., 2001 ) and in a rat adoptive transfer EAE model (AboulEnein et al., 2006) , some of these damaged axons, viewed in cross-section, were still encircled by myelin basic protein-positive (MBP ϩ ) immunoreactivity on day 12 post-MOG peptide (Fig. 5C ).
Axonal hypophosphorylated NF-H immunoreactivity was often ring-like in sections that had been subjected to sodium citrate antigen retrieval before immunostaining with SMI32 (Figs. 5, 6, 7A) . This ring-like distribution of immunoreactivity was much less prominent, however, when citraconic anhydride, rather than sodium citrate, was used for antigen retrieval (Fig. 7B) .
APP accumulates in axons in acute multiple sclerosis lesions (Bitsch et al., 2000; Frischer et al., 2009) , and anti-APP, like SMI32, has proven useful for identifying damaged axons in EAE (Einstein et al., 2006; Moreno et al., 2006; Herrero-Herranz et al., 2008) . Though there were no consistent changes in spinal cord expression of APP mRNA during the course of MOG peptide EAE (Table 1) , accumulations of immunoreactive APP in spinal cord axons became evident at approximately the time of onset of clinical neurological deficits in MOG peptide-immunized mice. Interestingly, colabeling of spinal cord sections with SMI32 and anti-APP demonstrated that only occasional axons, viewed in cross-section, simultaneously expressed both markers, with many being only SMI32 ϩ or APP ϩ (Fig. 5) . Activation of TLR8, an endolysosomal TLR, has been reported to cause neuronal death and inhibit neurite formation . We observed induction of TLR8 mRNA in MOG peptide-EAE spinal cord by day 14 postimmunization (Table 1) . Accumulations of immunoreactive TLR8 were already present in some SMI32
ϩ axons within spinal cord inflammatory foci by day 12 post-MOG peptide (Fig. 6) . TLR8 immunoreactivity was not detected in dorsal corticospinal tract axons (data not shown). Levels of mRNAs encoding most other TLRs were also elevated in spinal cords of MOG peptide-immunized mice from day 14 onwards, in conjunction with elevations of mRNAs encoding the TLR downstream signaling molecule, MyD88 (Gorden et al., 2006; O'Neill and Bowie, 2007) . With the exception of rare axons that contained accumulations of immunoreactive TLR3, TLRs other than TLR8 were not detected in axons (data not shown). Bone marrow chimera experiments have shown that ablation of MyD88 expression in CNS radiation-resistant cells delays the onset and diminishes the clinical severity and acute axonopathy in MOG peptide EAE (Prinz et al., 2006) , possibly by inhibiting CNS MyD88-mediated canonical TLR8 signal transduction (Gorden et al., 2006) . Some SMI32 ϩ axons in spinal cord white matter of the MOG peptide EAE mice contained accumulations of immunoreactive Rab7 (Fig. 7A) . Rab7 is an endolysosome-associated protein that participates in fast retrograde vesicular protein transport in axons (Bucci et al., 2000; Harrison et al., 2003; Saxena et al., 2005; Deinhardt et al., 2006) .
Inflammasomes process pro-interleukin-1␤ (pro-IL1␤) to the proinflammatory cytokine IL1␤ (Tschopp et al., 2003; Faustin et al., 2007; Franchi et al., 2009; Lamkanfi and Dixit, 2009) . Spinal cord levels of mRNAs encoding multiple inflammasome-associated proteins, including NALP1, caspase 1, caspase 3, apoptosisassociated speck-like protein containing a caspase-activating recruitment domain (ASC), and pro-IL1␤ (Faustin et al., 2007 ; ) . B, dCSTs of a day 101 post-CFA control and a day 101 post-CFA/MOG peptide EAE mouse, immunostained with SMI312, which recognizes multiple phosphorylated neurofilament epitopes; note the severe depletion of SMI312 ϩ axons in the EAE specimen and that dCST axons are shown in green. C,dCSTsofday35post-CFAcontrolandday35post-CFA/MOGpeptideEAEEmxCre/Rosa-STOP-EYFPmiceimmunostainedforthemicroglial/macrophagemarkerIba1.NotetheprominenceofIba1 ϩ cellsinthe EAE specimen. D, SMI312 immunostained axons within the dCSTs of two day 101 post-CFA control mice (on the left) and two day 101 post-CFA/MOG peptide mice (on the right) in 0.13 mm optical sections, confirming severe dCST axonal depletion in chronic MOG peptide EAE. E, Greater prominence of both Iba1 ϩ and CD68 ϩ microglial/monocyte-derived macrophages in day 35 post-CFA/MOG peptide than day 35 post-CFA control EmxCre/Rosa-STOP-EYFP lumbar spinal cord dorsal funiculi. EYFP ϩ dCST axons are pseudocolored blue in this panel. Martinon and Tschopp, 2007; de Rivero Vaccari et al., 2008; Franchi et al., 2009) , were increased by day 14 post-MOG peptide (Table 1) . Immunoreactive pro-IL1␤ and IL-1␤ were substantially elevated in spinal cord by day 14 post-MOG peptide (Fig.  7C) , and by day 21 post-MOG peptide, many SMI32 ϩ axons in spinal cord white matter contained immunoreactive NALP1. These results suggest the existence of an intrinsic neuronal innate immune contribution to proinflammatory cytokine production in MOG peptide EAE. Prior studies have shown that neuronal expression of NALP1 is also induced by trauma or ischemia (Liu et al., 2004; de Rivero Vaccari et al., 2008) , and that transfectioninduced overexpression of NALP1 in cultured neurons results in their apoptosis (Liu et al., 2004) .
Progressive, bilaterally symmetric loss of dorsal corticospinal tract axon numbers in MOG peptide EAE Selective loss of small-diameter corticospinal tract axons has been documented in multiple sclerosis (Ganter et al., 1999; DeLuca et al., 2004) . Both immunohistological and cortical motor evoked potential studies have suggested there is a substantial diminution in corticospinal axon numbers in mice with long-standing MOG peptide EAE (Amadio et al., 2006; Black et al., 2006) . Enumeration of specifically labeled corticospinal axons would be desirable to strengthen this conclusion. Corticospinal axons are unique in extending from the forebrain into the spinal cord without an intervening synapse, and can therefore be identified in spinal cord by labeling constituents of forebrain neuronal perikarya that undergo centrifugal axonal transport. Bareyre et al. (2005) devised a genetic approach to accomplish this, using mice bred to express Thy1-STOP-EYFP, in which the STOP sequence that prevents neuronal Thy1 promoter-driven EYFP expression is flanked by loxP sites, and Cre, driven by the forebrain-specific Emx promoter, which excises the STOP sequence and activates forebrain neuronal EYFP expression. By this means, they established that all adult mouse EYFP ϩ dorsal corticospinal axons were Ͻ1.5 m in diameter, most having diameters between 0.4 and 0.6 m. Using this genetic labeling procedure, we documented progressive, bilaterally symmetrical loss of dorsal corticospinal axons in the lumbar spinal cords of MOG peptide EAE EmxCre/Thy1-STOP-EYFP mice, to 56% and 26% of control levels on days 35 and 101 post-MOG peptide, respectively (Fig. 8 , Table 4 ). Immunostaining with SMI312, an antibody mixture that recognizes multiple phosphorylated neurofilament epitopes and heavily immunostains rodent dorsal corticospinal tracts (Szaro et al., 1990; Frischer et al., 2009) , confirmed the severe loss of dorsal corticospinal tract axons in day 101 post-MOG peptide mice (Fig. 8 B) . Focal inflammatory infiltrates involving the dorsal corticospinal tracts were rarely seen, but, by day 35 post-MOG peptide, there was extensive infiltration of these tracts by Iba1 ϩ and CD68
ϩ microglial/monocyte-derived macrophages (Fig. 8 ) (Ohsawa et al., 2000; Rodriguez et al., 2007; Santos et al., 2008) .
Discussion
Acute parenchymal inflammatory infiltrates in MOG peptide EAE Early evidence for an interplay in spinal cord between adaptive and CNS innate immunity in MOG peptide EAE was the induction, on day 7 postinjection, of G-CSF mRNA in the spinal cords of mice given MOG peptide plus CFA, but not in CFA control mice. A small "first wave" of leptomeningeal and choroid plexus Th17 cells (Kivisäkk et al., 2009; Reboldi et al., 2009 ) may have contributed to this induction of spinal cord G-CSF synthesis (Smith et al., , 2008 . Because G-CSF augments neutrophil survival, mobilization, and adhesion (Eyles et al., 2006; Wengner et al., 2008) , these early leptomeningeal and choroid plexus Th17 cells may also have contributed to the formation of neutrophilrich infiltrates in spinal cord by day 12 post-MOG peptide (Smith et al., , 2008 Kroenke et al., 2008; von Vietinghoff and Ley, 2008) .
Participation by neutrophils in CNS inflammatory infiltrates has previously been reported in EAE (Nygårdas and Hinkkanen, 2002; Zehntner et al., 2005; Carlson et al., 2008; Kroenke et al., 2008) . Neutrophils secrete proteases that permeabilize the blood-brain barrier (Leib et al., 2000; Gidday et al., 2005; Gurney et al., 2006; Folgueras et al., 2008) , and proinflammatory cytokines and complement components (Määttä et al., 1998; Nguyen et al., 2008) . Inhibiting CNS neutrophil infiltration in proteolipid peptide-induced EAE by antibody-mediated depletion of blood neutrophils, or constitutive disruption of CXCR2, the receptor for the neutrophil-attracting chemokine, CXCL1, prevented blood-brain barrier disruption and attenuated clinical severity of EAE, and this attenuation was reversed in CXCR2 Ϫ/Ϫ mice by systemic administration of wild-type (CXCR2 ϩ/ϩ ) neutrophils . In vitro, neutrophils are neuronotoxic via a contact-dependent, protease-mediated mechanism (Dinkel et al., 2004) . These observations, together with the temporal and spatial coordination between the neutrophil-rich inflammatory infiltrates and the onset of axonopathy in the spinal cords of MOG peptide-immunized mice, support the hypothesis that these early inflammatory infiltrates exerted contact-dependent or paracrine axonal toxicity. While neutrophil-rich perivascular and subpial inflammatory infiltrates have not been recognized as features of multiple sclerosis (Raine, 1994) , and Japanese patients with selective demyelination of the optic nerves and spinal cord in association with neutrophil-rich inflammatory infiltrates (Ishizu et al., 2005; Matsuoka et al., 2007) may have had neuromyelitis optica (Devic's disease) rather than multiple sclerosis (Wingerchuk et al., 2007; Kira, 2008) , the brief tenure of neutrophils in spinal cord in EAE suggests that their presence in occasional early multiple sclerosis lesions may have been missed. (Snedecor and Cochran, 1989) .
Axonal abnormalities within inflammatory foci
Mechanisms previously proposed to injure axons in EAE and multiple sclerosis include attack on axolemma by antibodies and complement (Mead et al., 2002 (Mead et al., , 2004 Jégou et al., 2007; Mathey et al., 2007; Barnett et al., 2009 ); proinflammatory mediators generated by macrophages and astroglia (Ahmed et al., 2002; Storch et al., 2002; Ayers et al., 2004; Wang et al., 2005) ; and axonal mitochondrial dysfunction induced by influx of Na ϩ and Ca 2ϩ (Kornek et al., 2001; Craner et al., 2004; Dutta et al., 2006; Waxman, 2006; Forte et al., 2007; Friese et al., 2007; Mahad et al., 2009; O'Malley et al., 2009; Ouardouz et al., 2009a,b; Trapp and Stys, 2009) . Whatever the cause of axonal injury, early axonal abnormalities that we observed in MOG peptide EAE were accumulations of APP and Rab7 within axons in spinal cord inflammatory foci. We interpret these findings as indicative of disturbances in both anterograde and retrograde axonal transport (Kamal et al., 2001; Lazarov et al., 2005; Deinhardt et al., 2006; Satpute-Krishnan et al., 2006; Shriver and Dittel, 2006; Rasmussen et al., 2007; Shindler et al., 2007; Frischer et al., 2009) .
While APP and Rab7 are not known to be neurotoxic, affected axons in MOG peptide EAE also contained accumulations of TLR8 and NALP1. TLR8, an endovesicular TLR, is activated by oligonucleotides derived either from viruses or dying cells (Gibbard et al., 2006; Baccala et al., 2007; Krieg and Vollmer, 2007) . TLR8 was of particular interest to us because its' activation in cultured neurons by a synthetic ligand was reported to inhibit neurite outgrowth and induce neuronal apoptosis , and because we observed TLR8 in damaged axons in acute inflammatory infiltrates. NALP1, a member of the inflammasome complex responsible for activation of proinflammatory caspases and interleukin-1␤ (Tschopp et al., 2003; Lamkanfi and Dixit, 2009 ), was present in damaged axons from day 21 through 35 post-MOG peptide. Messenger RNAs encoding NALP1 and multiple other members of the inflammasome complex were induced in spinal cord by day 14 post-MOG peptide, at which time point we documented substantial elevations in spinal cord pro-IL-1␤ and IL-1␤. Prior studies demonstrated that NALP1 is induced in neurons by physical trauma or ischemia, that prolonged CNS overexpression of IL-1␤ damages axons (Campbell et al., 2007) , and that death of traumatized neurons is diminished by inhibiting inflammasome function (Liu et al., 2004; de Rivero Vaccari et al., 2008) .
Progressive loss of small-diameter corticospinal axons in MOG peptide EAE
Corticospinal tract atrophy, selectively affecting small-diameter axons, has been documented in autopsy specimens from multiple sclerosis patients (Ganter et al., 1999; DeLuca et al., 2004) , and in mice with chronic and relapsing forms of EAE (Black et al., 2006; Liu et al., 2008) . We have now shown, by both a genetic labeling procedure that permits specific enumeration of corticospinal axons (Bareyre et al., 2005) and confirmed by phosphorylated panneurofilament immunostaining (Szaro et al., 1990; Frischer et al., 2009) , that small-diameter dorsal corticospinal tract axons are depleted in mice with MOG peptide EAE. We think it likely that a "dying back central axonopathy" (Kremenchutzky et al., 2006) was largely responsible for this axonal loss, because, in the lumbar spinal cords of each of the EAE mice we examined, the right and left dorsal corticospinal tracts were affected equally, and because the axonal loss progressed during the chronic phase of their illness, during which no new focal spinal cord inflammatory lesions were demonstrable. Activation of microglia and astroglial hypertrophy are prominent in white matter tracts in progressive forms of multiple sclerosis and in chronic EAE (De Keyser et al., 1999; Bannerman et al., 2007; Rasmussen et al., 2007) . In these regions, extracellular glutamate homeostasis is impaired (Werner et al., 2001; Shijie et al., 2009 ) and production of potentially neurotoxic inflammatory mediators is elevated (Diestel et al., 2003) .
We have not ruled out the possibility, however, that death of pyramidal neurons within cerebral cortical lesions also contributed to dorsal corticospinal axonal loss in the MOG peptide EAE mice. Cerebral cortical lesions in which neurons are lost by apoptosis are increasingly recognized in patients with multiple sclerosis and in chronic EAE; these lesions, which contribute to progressive gray matter atrophy and disability (Peterson et al., 2001; Vercellino et al., 2005 Vercellino et al., , 2007 Fisher et al., 2008; Fisniku et al., 2008) , lack overt inflammatory infiltrates but contain abundant activated microglia (Peterson et al., 2001; Rasmussen et al., 2007; Vercellino et al., 2007; Stadelmann et al., 2008; Trapp and Nave, 2008) .
In conclusion, the immunological milieu in which axonal loss occurs in MOG peptide EAE is heterogeneous. At the time of onset of clinical deficits, there are immunohistological evidences of axonal damage within acute subpial and perivascular inflammatory infiltrates. Neutrophils, as well as T lymphocytes, are prominent components of these very early spinal cord inflammatory infiltrates; whether this evanescent infiltration by neutrophils is restricted to EAE, or occurs in occasional acute multiple sclerosis lesions, is worthy of further study. In addition to expressing well recognized markers for axons under attack (hypophosphorylated NF-H and APP), these damaged axons also accumulate the endovesicular Toll-like receptor TLR8 and the inflammasome protein NALP1, both of which are known to participate in neuronal injury in other contexts de Rivero Vaccari et al., 2008) . Over ensuing months, during which the focal inflammatory infiltrates subside, but elevated levels of expression of genes involved in innate immunity persist, the mice demonstrate progressive, symmetric and severe loss of small-diameter dorsal corticospinal axons and accumulations of macrophages in the dorsal corticospinal tracts. This finding strengthens support for the hypothesis that corticospinal tract axonal loss, a leading cause of persistent disability in multiple sclerosis (Ganter et al., 1999; DeLuca et al., 2004; Kremenchutzky et al., 2006) , is a consequence of sustained activation of CNS innate immunity (Kutzelnigg et al., 2005; Tanuma et al., 2006; Trapp and Nave, 2008; Weiner, 2009) . Finally, MOG peptide EAE will provide a robust model system with which to quantitatively evaluate the efficacy of interventions to prevent progressive axonal loss and chronic neurological disability in autoimmune CNS demyelinative disorders.
